Curcumin is regarded as a promising chemotherapeutic agent due to its anti-cancer activity and excellent biosafety. Nevertheless, the poor bioavailability and insufficient therapeutic efficacy have limited its further application in the clinic. Hence, we designed Janus magnetic mesoporous silica nanoparticles (Janus MMSNs) for magnetically targeted and hyperthermia-enhanced curcumin treatment of liver cancer. In this study, curcumin was loaded into the silica components of Janus M-MSNs via surface-decorated pHsensitive groups. Janus M-MSNs-Cur exhibited superior superparamagnetic properties, high curcumin loading ability and a tumor microenvironment-responsive curcumin release fashion. Additionally, an external magnetic field promoted the anti-tumor effectiveness of Janus M-MSNs-Cur through increasing the cellular internalization of Janus M-MSNs-Cur. More importantly, magnetic hyperthermia therapy supplemented the chemotherapeutic effect through a synergistic effect. Our outcomes demonstrated that Janus M-MSNs-Cur possessed a high therapeutic efficiency and excellent biosafety both in vitro and in vivo, indicating that Janus M-MSNs-Cur might be a promising therapeutic agent for liver cancer treatment.
Introduction
Liver cancer has become one of the most common malignancies and a highly fatal disease in the world.
1,2 Chemotherapy serves as an important tool for post-operation patients and patients with unresectable liver cancer in the clinic. 3, 4 However, existing chemotherapy is unsatisfactory due to its severe systemic toxicity and intrinsic drug resistance. 5, 6, 7 Thus, it is urgent to seek novel agents for highly efficient and safe treatment of liver cancer. 8 Curcumin, isolated from the rhizome of the spice turmeric, is a natural phenol with extensive bioactivities. 9 In China and India, curcumin has long been used as a miraculous medicine for the treatment of digestive disorders, wounds and infection as well as even for the postpartum recovery of women. 10 Nowadays, extensive studies have uncovered that curcumin has anti-tumor activities in liver, 11, 12 gastric, 13 colon and breast cancers 14, 15 with excellent biosafety and little drug resistance.
10
Therefore, curcumin is expected to play a crucial role in chemotherapy of liver cancer. 16 Nevertheless, its hydrophobic property, rapid metabolism in vivo and poor target limit the use of curcumin in the clinic. 17 Despite the development of drug carriers for improving the bioavailability of curcumin, the single-modality curcumin treatment is still insufficient to completely eradicate tumors or control malignancies in the long term. 18 Hence, it is a pressing need to combine other modalities and therapies for supplementing the therapeutic effect of curcumin treatment and consequently prolong patients' survival. 19 Recently, magnetic hyperthermia therapy (MHT), which is produced through an energy dissipation when magnetic nanomaterials are exposed to an alternating current magnetic eld, has gained great attentions owing to its noninvasive manner, unlimited therapeutic depth and more extensive thermal radiation range. [20] [21] [22] Because MHT can improve the spread of drugs in the entire tumor through shrinking cancer cells and increasing cell spacing as well as potentiate chemotherapeutic effect through inuencing the metabolism of cancer cells, the combination of chemotherapy with MHT will exert the synergistic anti-tumor effect. 23, 24 Nevertheless, it is still a challenge to enable chemotherapy and MHT to simultaneously and selectively affect the same tumor site for maximal synergistic effect with minimal adverse effects.
25,26
With the thriving of nanomedicine, various nanoparticles have been developed for multi-modality cancer treatments.
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Among them, core-shell type magnetic mesoporous silica nanoparticles (core-shell M-MSNs) are in the center of attention owing to their unique magnetic response as well as excellent conveniences in drug loading and controlled release. 32, 33 Hence, core-shell M-MSNs have been considered as intriguing drug vehicles for curcumin delivery combing with MHT. 34 However, the clinical applications of core-shell M-MSNs are limited due to a decreased saturation magnetization, resulting from the coating of silica shell.
35
Hence, our group successfully exploited Janus type magnetic mesoporous silica nanoparticles (Janus M-MSNs), which have an obviously architectural advantage that each component doesn't interfere. 36 Our previous researches have demonstrated Janus M-MSNs possess stronger magnetic properties, higher drug loading capacity and better biocompatibility in comparison to core-shell structure, indicating a better nanoplatform for multi-modality therapies of liver cancer. 35, 37 In this work, we fabricated uniform Janus M-MSNs to integrate chemotherapy, MHT and magnetic target. In the system, PEG was conjugated on the surface of Janus M-MSNs for improving the biostability and curcumin was preloaded into the silica components via surface-decorated carboxyl groups (Janus M-MSNs-Cur), leading to tumor microenvironment-responsive drug release fashion. The improved therapeutic efficacy of Janus M-MSNs-Cur were assessed in comparison to free curcumin and the magnetically promoted anti-tumor effects of Janus M-MSNs-Cur were demonstrated. More importantly, we evaluated the side-effect of combination therapies in vitro and in vivo. Our results established that Janus M-MSNs-Cur might be a novel generation of agent for liver cancer treatment (Scheme 1).
Method

Preparation of Janus M-MSNs
We produced the Fe 3 O 4 magnetic spheroid via a hyperthermia hydrolysis reaction. 38 We synthesized Janus M-MSNs with an adjustable shape via an sol-gel process derived from a previously delivered method. 39 Concisely, we added 50 mg of CTAB in 10 mL of deionized water and then sonicated the mixture for 40 min until the solution was clear. Aer that, we added 1 mL Fe 3 O 4 (8.6 mg mL À1 ) suspension into the clear solution and applied sonication for 30 min. Next, we poured the solution into a three-necked ask and maintained the temperature at 40 C with agitation. Since then, we quickly added 0.5 mL ammonia water into the three-necked ask followed by adding a given mass of TEOS dropwise and reacted for 30 min. To extract CTAB, we re-dispersed the as-synthesized products into the ethanol solution containing NH 4 NO 3 (60 mL, 1.2 mg mL À1 ) and allowed the mixture reuxing for 6 h. Aer centrifuging and washing with ethanol three times, Janus M-MSNs were obtained.
Surface modication of M-MSNs
We utilized APS to realize the amination of the Janus M-MSNs. Briey, 1 mL of APS was poured into 10 mL ethanol and then the mixture was added into 30 mL ethanol solution of Janus MMSNs (1 mg mL À1 ) and stirred for 24 h. Aer that, the temperature of the mixture was heated to 105 C and the mixture was reuxed for 4 h. Aer centrifuging and washing with ethanol several times, we got the amination of the Janus M-MSNs (Janus M-MSNs-NH 2 ). Then we added 10 mg of Janus M-MSNs-NH 2 into the N,N-dimethylformamide (DMF) mixture containing succinic anhydride (50 mL). Aer stirring overnight at 25 C, we washed the product with ethanol for several times and dried it in air. The synthesized material was expressed as Janus M-MSNs-COOH. To synthesize PEG modied Janus M-MSNs, we added 3 mL aqueous suspension of EDC (2.0 mg mL À1 ) into the 5 mL of Janus M-MSNs-COOH solution (1.0 mg mL À1 ) and applied sonication for 30 min.
Then, we added 15.0 mg of 8-arm-polyethylene glycol-amine into the preceding-mentioned solution and let it react overnight. We terminated the reaction via adding 4 mL of mercaptoethanol and acquired the composite via washing with water to clear away the unreacted PEG. To synthesize FITClabeled Janus M-MSNs, we coupled the silane coupling agent 3-APS (0.5 mL) covalently to dye FITC (0.5 mg) via stirring in ethanol solution (10 mL) at room temperature in dark place for 12 h. Aer that, we instilled 0.03 mL ethanol solution of FITC-APS into the above reagent to produce FITC-labeled Janus MMSNs via the same method.
Cur loading and release
To realize the Cur loading of Janus M-MSNs, we mixed 0.2 mg of Cur with 10 mL of alcohol under stirring and added 5 mg of Janus M-MSNs in 10 mL of alcohol solution of Cur (0.2 mg mL À1 ). The Janus M-MSNs-Cur were collected and washed three times with PBS aer stirring for 12 h. Aer the above treatment, we allowed Janus M-MSNs-Cur re-dispersed in PBS with a concentration of 10 mg mL À1 . The supernatant was collected and the quantity of Cur was determined by UV-visible spectrophotometry of 480 nm. Calculation of the loading efficiency and drug loading content were carried out using the eqn (1) and (2), correspondingly:
Drug-loading content (%) ¼ mass of Cur in Janus M-MSNs/ mass of Janus M-MSNs-Cur.
In a bid to investigate the release behavior, we encapsulated 5 mg of Janus M-MSNs-Cur into a dialysis bag (molecular weight cutoff ¼ 5000), followed by placing the dialysis bag into 10 mL of PBS solutions, containing different pH values (pH 7.4 or 5.5). Besides, the release mechanism was carried out on a shaking table at a temperature of 37 C. Measurement of the quantity of released Cur was carried out at regular intervals with the help of UV-visible spectrophotometry.
Cell uptake and intracellular drug release
To analyze the cell uptake of Janus M-MSNs-Cur, we cultivated the human normal live cell lines (HL-7702) cells and the human hepatocellular carcinoma cell lines (HepG2) onto bacterial coverslips in a 24 well plate (2 Â 10 4 cells per well). Aer that, we co-cultivated FITC-labeled Janus M-MSNs (10 mg mL À1 ) with the cells for 3 h with or without external magnetic eld (2.5 h of incubation followed by 0.5 h exposure of magnetic eld in EMF treated group). The endo/lysosomes were stained by Lysotracker Red DND-99 for 1 h while the nuclei were stained with DAPI (5 mg mL À1 ) for 5 min. We observed the distribution of the M- 
Assessment of cytotoxicity
Human normal live cell lines (HL-7702) cells and the human hepatocellular carcinoma cell lines (HepG2) were purchased from the Chinese Academy of Sciences (Shanghai, China). We assessed the cytotoxicity against HepG2 and HL-7702 cells via SRB assays. In this regard, we cultured the cells on 96 well plates (5 Â 10 3 cells per well) overnight before exposed to free Cur, Janus M-MSNs and Janus M-MSNs-Cur with or without ACMF and EMF at various concentrations for 24 h. In EMF treated groups, 23.5 h of incubations were followed by 0.5 h of exposure of EMF. In ACMF treated groups, cells were exposed on an ACMF for 30 min. We the measured optical density at a wavelength of 570 nm and calculated the ratio of the cell viability compared with control group utilizing the SRB data based on three independent experiments.
In vivo antitumor effect evaluation
This study was performed in strict accordance with the NIH guidelines for the care and use of laboratory animals (NIH On day of 23, we sacriced all mice and collected the serum for assessing the levels of blood urea nitrogen (BUN), creatinine (CRE), alanine aminotransferase (ALT) and aspartate aminotransferase (AST). These tumors and the main organs including livers, kidneys, spleens, lungs and hearts were collected, weighed, embedded in 10% formalin and then xed in paraffin, stained with hematoxylin-eosin (H&E) to examine the changes of organ histomorphology.
Results and discussion
Janus M-MSNs was prepared by a sol-gel method as the previous reports 36 and was characterized via transmission electron microscopy (TEM). As shown in Fig. 1A , Janus M-MSNs consisted of a magnetic sphere with the diameters of approximately 100 nm and a silica rod with the length of approximately 250 nm, which exhibited the uniform morphology and excellent monodispersity. Then, the surface of Janus M-MSNs was functionalized with the carboxylate group, which was then modied with polyethylene glycol (PEG) amine. We assessed the stability of Janus M-MSNs. We found that the size distribution of the PEGylated Janus M-MSNs was no change in cell medium for 72 h, whereas Janus M-MSNs without PEG modication aggregated, which indicated that the PEGylation increased the long-time stability of Janus M-MSNs (Fig. S1 †) . Then, we investigated the mesoporous property of Janus MMSNs. As shown in Fig. 1B , Janus M-MSNs showed IV-type curves. The pore volume, BET surface area of Janus M-MSNs were 0.48 cm 3 g À1 , 712.5 m 2 g À1 respectively. Its BJH pore diameter was 2.7 nm according to Fig. S2 . † The excellent mesoporous property of Janus M-MSNs suggested the superb ability in loading curcumin. Hence, we utilized Janus M-MSNs to preload curcumin (Cur) via electrostatic interaction. Cur is slightly soluble in water (the solubility of Cur in water is 0.0184 mg mL À1 ), so we dispersed Cur in alcohol (the solubility of Cur in alcohol is 21.4 mg mL À1 ) and mixed the solution with Janus M-MSNs. Its drug-loading capacity was measured through UV-visible spectrophotometry. The Cur loading efficiency and Cur loading content were respectively 62% and 19.9%. Additionally, we also measured the magnetic property of Janus MMSNs. As shown in Fig. 1C , the magnetization saturation value of Janus M-MSNs is 59 emu g À1 , which is lower than pure magnetic sphere whereas higher than core-shell structure according to our previous reports. 35, [40] [41] [42] [43] This is because the coating of silica in core-shell structure decreases the magnetization of magnetic spheres, whereas magnetic spheres in the Janus structure are bare. Hence, the non-interfered structures of Janus M-MSNs led to a better magnetic property in comparison to core-shell M-MSNs. The superior superparamagnetic properties indicated that Janus M-MSNs had great advantages on drug magnetic-targeting delivery and magnetic hyperthermal therapy. To verify our hypothesis, we investigated the ability of Janus M-MSNs in producing hyperthermia under the alternating current magnetic eld (ACMF). As shown in Fig. 1D , the temperature of cell culture media without Janus M-MSNs as blank barely increased, whereas the temperature increases in the Janus M-MSNs solution exhibited a concentration-and time-dependent trend. The temperature of cell culture media containing 80 mg mL À1 Janus M-MSNs reached 46.7 C aer 30 min ACMF exposure. Hyperthermia between 42 C and 47 C is crucial, which can induce the death of cancer cells, but not harm the normal cells. Hence, Janus M-MSNs possessed excellent potential in magnetic hyperthermal therapy of liver cancer. We also explored the endocytosis of Janus M-MSNs with the effect of an extra magnetic eld (EMF). Janus M-MSNs were labeled by the uorescence indicator FITC and their cellular uptake behaviors were observed using a confocal microscopy. As shown in Fig. 2A and B, Janus M-MSNs were taken up by both HL-7702 cells and HepG2 cells aer 3 h incubation. The overlay images indicated the co-localization of FITC-labeled Janus MMSNs with the Lysotrackers, which suggested that Janus MMSNs could be internalized in acidic endo/lysosomes for promoting drug release. Furthermore, more green uorescence was observed under the EMF, indicating applying an EMF could improve the internalization of Janus M-MSNs. Besides, the uptake of Janus M-MSNs by HepG2 cells were signicantly more than that by HL-7702 cells in the absence or presence of EMF, which indicated that Janus M-MSNs was apt to internalizing in cancer cells rather than normal cells. Quantitative analysis by ow cytometry validated above results (Fig. 2C and D) . Hence, Janus M-MSNs possessed magnetically enhanced endocytosis and selective uptake in cancer cells, while exhibited excellent potential in releasing drug to the cytoplasm.
To investigate the Cur release behavior of Janus M-MSNs-Cur, we measured the cumulative release in PBS solution at different pH values (5.5 and 7.4). As shown in Fig. 3A , Janus M-MSNs-Cur exhibited a sustained release fashion of Cur. Less than 5% of Cur was released aer 96 h at pH 7.4, whereas the cumulative release amount of Cur at pH 5.5 reached 48%. As we all know, the extracellular and intracellular microenvironment of tumor tissue are acid. The pH-responsive Cur release facilitated the active release of Cur in liver cancer cells. To further explore the pHresponsive Cur release in vitro, we detected the distribution of Cur in HL-7702 and HepG2 cells by ow cytometry. Fig. 3B indicated that more yellow uorescent signals were detected in HepG2 cells aer co-incubation with Janus M-MSNs-Cur for 3 h in comparison to that co-incubation with free Cur, which indicated that Janus M-MSNs were effective vehicles to deliver Cur into liver cancer cells. On the contrary, in HL-7702 cells, the amount of Cur in the Janus M-MSNs-Cur-treated group was obviously less than that in the free Cur-treated group. This is due to the less Cur release in normal cells. Interestingly, when an EMF was applied, the distribution of Cur in HepG2 cells was signicantly increased, indicating a magnetically enhanced internalization of Janus M-MSNs-Cur in HepG2 cells. However, the increase of Cur in HL-7702 cells wasn't obvious. These results To evaluate the therapeutic efficacy of Janus M-MSNs-Cur, SRB assay was carried out with HL-7702 cells and HepG2 cells aer incubation with Janus M-MSNs-Cur, free Cur and Janus M-MSNs with or without EMF and ACMF for 24 h. As shown in Fig. 4A and B, no signicant cytotoxicity of Janus MMSNs was detected in HepG2 cells or HL-7702 cells with or without EMF, which indicated that Janus M-MSNs were nontoxic drug carriers. The kill effect of Janus M-MSNs-Cur and Cur exhibited a dose-dependent manner in both HL-7702 cells and HepG2 cells. Janus M-MSNs-Cur destroyed more HepG2 cells than the same amount of free Cur and meanwhile an EMF improved the kill effect of Janus M-MSNs-Cur. However, Janus M-MSNs-Cur leaded to less deaths of HL-7702 cells in comparison to free Cur. The selective cytotoxicity of Janus MMSNs-Cur was attributed to better endocytic properties and pH-responsive release in liver cancer cells. To investigate the magnetic hyperthermal therapeutic efficacy of Janus M-MSNs, HL-7702 cells and HepG2 cells were exposed on an ACMF for 30 min aer treated with Janus M-MSNs. As shown in Fig. 3C and D, an ACMF without the co-incubation of Janus M-MSNs couldn't signicantly cause cell deaths whereas Janus MMSNs under the ACMF exhibited a dose-dependent toxicity effect on HepG2 cells. Furthermore, its antitumor activity was also enhanced under applying EMF, which is due to magnetically enhanced endocytosis. Importantly, over 90% of HL-7702 cells survived even when the concentration of Janus MMSNs was 50 mg mL À1 . This is because normal cells possessed a stronger tolerance to hyperthermia than liver cancer cells. Above results demonstrated that Janus M-MSNs weren't only excellent nanocarriers to preload Cur for highly efficient and safe treatment, but also possessed magnetic hyperthermal inhibition to liver cancer cells rather than normal cells.
To investigate the therapeutic effect of the combination of chemotherapy with magnetic hyperthermal therapy (MHT), Janus M-MSNs-Cur were pre-incubated with HepG2 cells and HL-7702 cells with or without an EMF. Then, the two types of cells were respectively exposed to an ACMF. Fig. 4A and C revealed that chemotherapy combining with MHT destroyed more HepG2 cells than pure Janus M-MSNs-Cur treatment or MHT. Moreover, the combination therapies with an EMF exhibited the strongest anti-tumor effect. Importantly, the viability of HL-7702 cells in Janus M-MSNs-Cur plus an ACFM treatments wasn't obviously decreasing in comparison to that in Janus M-MSNs-Cur treatments. These results demonstrated an enhanced anti-tumor efficacy and an excellent biosafety of combination therapies.
Encouraged by the excellent synergistic effect in vitro, we further explored the anti-tumor effect of Janus M-MSNs-Cur in vivo. HepG2 xenogras were established in nude mice and Janus M-MSNs-Cur, Janus M-MSNs as well as Cur were intravenously injected into nude mice. As shown in Fig. 5A -C, mice in the Janus M-MSNs-treated group exhibited a similar tumor growth compared with the control group, which indicated that Janus M-MSNs as nanocarriers didn't possess the antitumor efficacy, whereas other treatment groups could effectively inhibit liver tumor growth. Among them, free Cur showed a slight anti-tumor effect, possibly resulting from its low bioavailability. On the contrary, the tumor growth and tumor weight in the Janus M-MSNs-Cur-treated group were remarkably inhibited, indicating the enhanced therapeutic effect of Cur by Janus M-MSNs. Furthermore, Janus M-MSNs-Cur with an ACMF showed obviously better anti-tumor effect than Janus M-MSNsCur without an ACMF, which was due to the synergistic effect of Although the excellent compatibility and selective toxicity in cancer cells have been conrmed in vitro, we still measured the body weights and blood chemistry indexes as well as H&E staining examination of the major organs to further assess the biosafety of all the treatments. As shown in Fig. 5 A and B , no obvious weight loss or organ weight index changes were observed in all the treatment groups in comparison to the control group. Moreover, the levels of AST, ALT, BUN, and CRE were not signicantly altered in all treatment groups, which indicated that mice kept ne liver and kidney functions in the course of the treatments in Fig. 5C-F . Furthermore, H&E staining in Fig. 6 exhibited the combination therapies based on Janus M-MSNs-Cur couldn't cause pathological damages of heart, liver, spleen, lung, and kidney. Generally speaking, in line with our in vitro results, Janus M-MSNs-Cur couldn't lead to systemic toxicity and thus possessed excellent biosafety.
Conclusions
In summary, Janus M-MSNs exhibited extraordinary magnetic and mesoporous properties, superb biocompatibility as well as high Cur loading capacity and pH-responsive drug release properties. Importantly, an improved anti-tumor effect of Janus M-MSNs-Cur was demonstrated comparing with free Cur in vitro and in vivo. Moreover, we revealed applying an ACMF and an EMF could effectively enhance the therapeutic effectiveness of Janus M-MSNs-Cur. The excellent biosafety of Janus M-MSNsCur-based combination therapies were also conrmed. Hence, our ndings revealed the potential of Janus M-MSNs as nanocarriers on Cur treatment of liver cancer.
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